In this paper, we assess the flood mapping capabilities of the X-band Synthetic Aperture Radar (SAR) imagery acquired by the bistatic pair TanDEM-X/TerraSAR-X (TDX/TSX). The main objective is to investigate the added value of the bistatic TDX/TSX Interferometric Synthetic Aperture Radar (InSAR) coherence in addition to the SAR backscatter in the context of inundation mapping. As a classifier, we consider a Random Forest (RF) classification scheme using TDX/TSX SAR intensities and their bistatic InSAR coherence to extract the flood extent map. To evaluate the classification results and as no "ground truth" was available at the SAR data acquisition time, we set up a LISFLOOD-FP hydraulic model for simulating the temporal evolution of the flood water. The flood map simulated by the model shows good performances with an Overall Accuracy (OA) of 97.92% and a Critical Success Index (CSI) of 94.01%. The SAR-derived flood map is then compared to the LISFLOOD-FP extent map simulated at the SAR data acquisition time. As a test case, we consider the flooding event of the Richelieu River that occurred in the Montérégie region of Quebec (Canada) from April to June 2011. Experimental results highlight the potential of the bistatic InSAR coherence for more accurate flood mapping in a complex landscape with urban and vegetation areas. The classification results of the SAR-derived flood map with respect to the LISFLOOD-FP flood map reach an OA of 78.65% and a Precision of 82.08% when integrating the bistatic InSAR coherence. These classification OA and Precision values are 69.63% and 64.52%, respectively, using only the TDX/TSX SAR intensity.
Introduction
Over the past decade, inundations have accounted for 56% of all climate-related disasters that have had severe environmental and social impacts worldwide [1] . During the period 1970-2014, the estimated flood costs in Canada represented about 78% of the total amount provided by the Disaster Financial Assistance Arrangements (DFAA) [2] . From April to June 2011, a historic flood hit the Montérégie region of Quebec (Canada) and water reached record levels in the Richelieu River. The heavy spring snowmelt and the intense rainfall were the main causes of this unprecedented inundation. This unexpected natural disaster affected approximately 3927 people and 11 municipalities, and Montérégie declared a local state of emergency [3] . This shows that appropriate management approaches are necessary to minimize the social and economic losses due to floods. A relevant step in this process is to have access to reliable and precise information on the flood extent to execute the rescue activities effectively.
In recent years, many studies have shown the potential of microwave remote sensing in the context of flood detection [4] . In particular, spaceborne Synthetic Aperture Radar (SAR) systems are suitable tools for flood mapping thanks to their daytime and nighttime and almost all-weather imaging capability, in addition to their sensitivity to surface roughness and to soil moisture changes [5] . In the field of remote sensing imagery, many image processing approaches have been implemented using SAR data to delineate the flooded areas [6] [7] [8] . In this context, in the case of bare soil, the main premise is the existence of specular reflection from the smooth water bodies which produces a low radar backscattering signal [9] . Among different approaches, the backscattering thresholding is undoubtedly the fastest and most frequently applied technique. Generally, the threshold is identified as a maximum backscatter value that can be associated with open water, in the case where only the flood image is used. However, if an appropriate reference image is available [10] , the threshold value is represented by the minimum decrease of backscattering that can be attributed to the change class (e.g., inundated pixels) [11] . For instance, Lu et al. [12] applied thresholding on a difference image, derived by change detection between SAR images acquired over the same area at different times before and after the flooding. In these methods, the selection of a unique threshold is not a straightforward task as SAR data are affected by the speckle noise [13] [14] [15] . In Bazi et al. [16] a modified Kittler-Illingworth (KI) [17] threshold selection criterion was proposed to differentiate between flooded and non-flooded regions. However, it should be noted that the presence of certain landscape features such as urban or vegetated areas makes flood mapping complex when considering the SAR imagery [18] . The double-bounce scattering, which is related to the multiple reflections from the dihedral reflectors (for example between the horizontal surface and the vertical structures) is a common scattering mechanism in vegetated or urban areas. The presence of flood water beneath the vegetation causes a remarkable increase in the double-bounce effect which allows the detection of flooded vegetation areas. However, this strongly depends on the canopy density, the incidence angle, the frequency, and polarization of the RADAR system [19, 20] . The double bounce can also indicate the presence of flood water in urban areas. The detection of flooding in urban areas has been prompted by the launch of high-resolution spaceborne SAR systems, such as TerraSAR-X (TSX) and COSMO-SkyMed (CSK), which allowed a better identification of the double-bounce feature. Mason et al. [21] investigated the possibility of flood detection in urban areas relying on the increase of the backscattering in the double-bounce features and making use of TSX data and a LiDAR Digital Elevation Model (DEM). The detection of this increase relies on the geometrical accommodation between the building facades and the line of sight of the SAR sensor. The backscattering increase is high when the facade is perpendicular to the SAR line of sign and decreases rapidly when moving away from this geometrical configuration. To overcome this issue, Chini et al. [22] and Pulvirenti et al. [23] emphasized the potential of co-event interferometric SAR coherence to detect the presence of floodwater in urban areas. The InSAR coherence represents the degree of correlation between two Single Look Complex (SLC) images from the same orbit and acquired in two different instants with the same acquisition geometry. Usually, urban areas are very stable targets, characterized by high InSAR coherence values, even for large temporal baselines. The presence of floodwater often results in a decrease in coherence, if one of the two images is acquired during the flood event [24] [25] [26] . It is highlighted in Chini et al. [22] , that high backscattering values together with low co-event InSAR coherence allow the detection of flooded urban areas. Recent studies focus mainly on forest and vegetation mapping using bistatic InSAR coherence information of the TanDEM-X/TerraSAR-X pair [27] [28] [29] . However, to our knowledge there is no example in the recent literature that evaluates bistatic TDX/TSX InSAR coherence (Bist. TDX/TSX InSAR Coh.) information for the purpose of flood mapping.
In this paper, we assess the flood mapping capabilities of the X-band Synthetic Aperture Radar (SAR) imagery acquired by the bistatic pair TDX/TSX. The main objective is to investigate the added value of the Bist. TDX/TSX InSAR Coh. in addition to the SAR backscatter in the context of inundation mapping in a complex environment. We focus on the flood event that occurred in Saint-Jean-sur-Richelieu city of Canada in 2011, which affected different types of land cover classes, such as bare soil, urban and vegetation areas. We set up a hydraulic model that simulates the temporal evolution of the water level in the Richelieu River during the flood period. The hydraulic model results provide an insight into the flooding extent at the time of the TDX/TSX bistatic image acquisitions. Subsequently, a comparison between the hydraulic model-derived and the SAR/InSAR-derived flood maps is carried out. The paper is organized as follows: in Section 2, the study area and the available dataset are described. In Section 3 the multi-temporal response behavior of SAR intensity and Bist. TDX/TSX InSAR Coh. is discussed for different land covers in the study region. In Section 4, the supervised classification scheme that we use for flood map creation and the validation measures used for the performance assessments are introduced. In Section 5 the Richelieu River model is presented. In Section 6, the results about the comparison of the flood maps derived from the SAR/InSAR images and the hydraulic model simulation are presented. In Section 7, the discussion of results is provided. In the last section, conclusions and perspectives are proposed.
Study Area and Dataset

Study Area
The study area lies in the Southern part of Saint-Jean-sur-Richelieu municipality, which is the regional capital of the Haut-Richelieu MRC, in the Montérégie administrative region of Quebec, Canada ( Figure 1 ). This city occupies an area of 225.6 km 2 and its population was estimated at 94,846 inhabitants in 2014. Most of the Saint-Jean-sur-Richelieu houses are located on both sides of the Richelieu River [30] . From late April to late June 2011, an unexpected overbanking flow of the Richelieu River occurred, and its magnitude exceeded all other extreme events recorded for at least 100 years in Quebec [31] . This disaster damaged around 2500 main homes in Montérégie. The river exceeded its bankfull discharge due to the combined effect of important snowmelt and extreme spring rainfall that reached approximately 320 mm between early April and late May 2011. The water level increased continuously to reach its peak on 6 May 2011. The maximum flow rate was 1550 m 3 /s at the "Richelieu aux rapides Fryers" gauging station. On 22 June 2011, the water level of Richelieu River returned to its normal values below bankfull [32] . 
Available Data Set
As no "ground truth" flood extent map was available at the date of the flood bistatic SAR data acquisition, we decided to set up a LISFLOOD-FP hydraulic model in order to cross-evaluate the flood map derived from the bistatic data with the synchronous model result and to reinforce our knowledge of the temporal evolution of the flood extent. The available data used for these purposes are described in Sections 2.2.1 and 2.2.2. The evaluation of the hydraulic model accuracy was performed based on a flood map (Figure 2 ) that was extracted manually from GeoEye-1 optical image (0.6 m). This image was acquired during the flooding event, on 1 May 2011, 14 days prior to the SAR images acquisition. 
Synthetic Aperture RADAR Data
The high-resolution SAR images used for this study were obtained thanks to a science proposal submission for data request from the TanDEM-X Science Service System (Proposal ID HYDR7130). The German spaceborne TanDEM-X (TerraSAR-X add-on for Digital Elevation Measurements) was launched in 2010 and its mission concept is to provide cooperative performance capabilities to the TerraSAR-X mission. Both satellites perform simultaneous imaging of the earth through the X-band wavelength (3 cm). The main goal of the TanDEM-X mission is to generate a worldwide high precision DEM. In addition, several experiments of across and along-track SAR interferometry applications are included in the bistatic TanDEM-X/TerraSAR-X mission namely, land cover, hydrology, and oceanography [33] .
A set of three multi-temporal stripmap (3m resolution) bistatic TDX/TSX pairs are used for this study (details in Table 1 ), the first was acquired during the flood event, the second was acquired after two months and the last one was acquired after more than one year after the event. The available SAR intensities and bistatic TDX/TSX InSAR coherence images are shown in Figure 3 . All the three pairs of intensities and their corresponding Bist. TDX/TSX InSAR Coh. were geocoded in a common cartographic system to build the multi-temporal input vector for the per-pixel classification. 
Topographic and Hydrometric Data
The hydraulic model set-up requires a set of topographic, bathymetric, and hydrometric data, namely a DEM of the floodplain, the riverstream bathymetry (i.e., riverbed geometry) and the boundary conditions [34] . In this study, the hydrometric information, namely the water level and the streamflow hydrograph, were acquired at the gauging station "Richelieu aux rapides Fryers" for a 6 months period (March to August 2011, see Figure 4 ). This time frame was chosen so that the model simulation starts at least one month before the beginning of the flood when the flow was still in the riverbed. Figure 5 indicates the position of the gauging station "Richelieu aux rapides Fryers". Furthermore, a LiDAR DEM representing the topography of the floodplain in the study area and bathymetric data (dense sampling point cloud) was acquired using an echo-sounder. 
Data Analysis
Based on a visual analysis of the optical satellite images of the study area, it is possible to identify 10 different Regions Of Interest (ROI) as displayed in Figure 6 . The selection of ROIs samples from SAR and Bist. TDX/TSX InSAR Coh. images were done based on the 3D view offered by Google Earth. All these ROIs describe the landcover types that existed in the study region during the flood. We notice that both flooded and non-flooded states can be observed for the same landcover especially for agricultural and vegetated zones. The selected ROIs for this study are defined as follows: Flooded residential: represents the residential areas lying in the river floodplain that were identified as flooded during the event. We can notice that the building structure within this ROI is very different when compared to the Dry Urban ROI as the buildings here are mainly sparsely distributed houses. To show the multi-temporal response of the different land covers according to the presence or absence of water and to highlight the role of the Bist. TDX/TSX InSAR Coh. with respect to the solo SAR intensity, the average values of intensity and Bist. TDX/TSX InSAR Coh. for the different selected ROIs are plotted in Figure 7 . Table 2 reports the average and standard deviation values of intensity and Bist. TDX/TSX InSAR Coh. within each selected ROI. It is worth noting that the Bist. TDX/TSX InSAR Coh. is affected by the same sources of decorrelation as the multipass InSAR coherence, which are a limited signal-to-noise ratio, a quantization error, a spatial baseline decorrelation, a temporal decorrelation, and a volumetric decorrelation. Although multipass and bistatic InSAR coherences share some similarities with respect to the coherence degradation, the magnitude of this degradation is different from one configuration to another. An example is the temporal decorrelation that is negligible in a bistatic acquisition but is used for detecting changes in multipass acquisition. For bistatic acquisitions, the TDX/TSX along-track baseline is usually smaller than 600m, resulting in a temporal baseline of 40 ms [29, 35] . As a result, flooded buildings should have high coherence values, even higher than unflooded ones, as the signal-to-noise ratio increases due to increased backscattering caused by double bounce. An opposite behavior is expected for open water, since it is characterized by low levels of signal-to-noise ratio, due to poor backscatter returns, resulting in a strongly degraded interferometric coherence. The backscatter values of calm waters, due to the specular reflection of the SAR signal, are often close to the system sensitivity [29, 35] .
Looking at Figure 7 , the above considerations are consistent with the values of intensity and coherence for the different land cover classes. Moreover, dry vegetation, which is affected mainly by volumetric decorrelation has coherence values in the range [0.6-0.7], while dry agriculture has a higher value.
As can be expected, the intensity and the coherence values of the flooded agriculture class are significantly lower than those of the dry one, whereas for the vegetation class, the presence of water induces a slight increase of the backscattering and a decrease of the coherence. This can be attributed to the vegetation type, which is not very dense, so that the coherence can be affected by the direct return from the water surface.
Concerning the agricultural zone, it is important to mention that the farms of Saint-Jean-sur-Richelieu are mainly oriented towards cereal production and that the grain seed plantation starts in Mid-May. This means that, at the date of the SAR image acquisition in May 2011, the Flooded agriculture ROI can be seen as a bare soil submerged by water. In Figure 7 , a detailed analysis of the agriculture ROIs can be done. In fact, we observe that the Flooded agriculture ROI has backscattering values similar to those of the River ROI, indicating a specular reflection. Furthermore, we can notice a Bist. TDX/TSX InSAR Coh. value decrease of approximately 0.6 at the flooding date. Obviously, the use of bistatic InSAR coherence information in this case reinforces the possibility of distinguishing the flooded agriculture regions. The scatter plot in Figure 7 shows that although the changes in the backscattering values for each landcover class due to the presence of water are as expected, they do not provide sufficient information to easily classify flooded and unflooded regions, especially in more complex landcover classes such as vegetation and urban areas. However, it shows that the Bist. TDX/TSX InSAR Coh. is an important source of information to improve the flood detection. In this context, it is worth highlighting the importance of Bist. TDX/TSX InSAR Coh. as an added feature for flood mapping purposes. Indeed, it is often difficult to find very high-resolution SAR images of the same orbit to calculate the multi-temporal coherence as a change detection feature. It is even more difficult to find a multipass interferometric pair with a very short temporal baseline, which allows the change detection analysis and avoids the usual temporal decorrelation, especially in the case of a shorter wavelength such as the X-band.
Random Forest Classification Approach
Section 3 concludes that the use of TDX/TSX intensity together with Bist. TDX/TSX InSAR Coh. could provide additional insight on the flooded scene and should help in the floodwater classification. To this end, we apply a classification scheme that interprets this information. The overall objective of classification in the context of remote sensing imagery is to categorize all image pixels into land cover themes. In this study, we use a Random Forest (RF) classifier [36] , to generate the flood map of Saint Jean Sur-Richelieu. The advantages of the RF classification, over other supervised classification methods, are specified in the literature of remote sensing imagery such as in Myint and Okin [37] and Liu and Yang [38] . The RF approach gained more widespread use for different environmental and agricultural purposes. For instance, Sonobe et al. [39] used the RF classification of multi-temporal TerraSAR-X dual-polarimetric data to identify the crop type. In Dubeau et al. [40] , the RF classification was used to monitor the Dabus Wetlands in Ethiopia using a combination of multispectral optical, RADAR and topographic data. In the context of flood mapping, Feng et al. [41] used the RF classifier with medium resolution optical imagery. The use of the Random Forest algorithm for TerraSAR-X data classification has already proved successful by Wohlfart et al. [42] , a study that reviewed most articles published in the past decade, incorporating TerraSAR-X information into wetland.
In this study, we use the RF classification to differentiate the landcover types of the flooded region using multi-temporal input data of TDX/ TSX SAR intensity and their corresponding Bist. TDX/TSX InSAR Coh. Actually, the RF classifier is robust to the outliers of the training dataset. Unlike statistical approaches, Random Forest does not make assumptions about the training data distributions. This is an advantage considering the input space composed of non-homogeneous data [43, 44] . RF is based on a set of decision-tree classifiers in which a majority rule is imposed to enhance the classification performance [45] . The main concept of the Random Forest approach is the use of Bootstrap Aggregating (aka bagging) [46] which is based on averaging the predictions of several non-parametric models (decision-tree classifiers) to reduce the variance without increasing the bias. The predictive model of decision trees [47] has a hierarchal structure that contains a set of nodes which allows the learning of simple decision rules that are inferred from the data features. The decision-tree leaves represent the class labels and the branches are the conjunctions of features that lead to the desired class labels. The two parameters that play an important role in the RF algorithm are the size of the training sample and the number of decision trees. In this study, we propose to carry out a sensitivity analysis of the RF algorithm for these two parameters in Section 6.
Evaluation Measures
The performance assessment of the flood mapping approach is done based on different validation coefficients related to the confusion matrix analysis (Table 3) . We mainly use the Overall Accuracy (OA), the Critical Success Index (CSI) and the Precision index (Equation (1)). The OA coefficient gives an overall indication about the model and ground truth matching. The CSI is relevant for evaluating flood maps as it does not take into account the information of "true negative". As our main interest is the flooded surfaces that were correctly detected, we are not focusing on the efficiency of detecting the non-flooded surfaces. The Precision index gives an idea about the correct prediction rate of the positive values (flood). It shows how often the model is correct when the flooded surfaces are detected. 
Hydraulic Model Set-Up
Besides the use of SAR and Bist. TDX/TSX InSAR Coh. images to delineate the flood extent, we set up a hydraulic model based on the LISFLOOD-FP software [48] for simulating the temporal evolution of the flood waters in the Richelieu River and therefore cross evaluating the SAR-derived flood extent map. LISFLOOD-FP is a 2D raster-based model that simulates the water flow propagation in riverbeds and floodplains using the finite-difference method to solve a reduced form of the shallow water equations [49] . In the study of Afshari et al. [50] , it is argued that a 2D model can provide accurate estimation of inundation extents during severe floods. This lends weight to the use of simulated flood extent maps as a reference for evaluating the remote sensing-derived flood maps. Many works investigated the computational efficiency and the validity of LISFLOOD-FP model. For instance, Neal et al. [51] evaluated LISFLOOD-FP in the context of monitoring the summer 2007 floods around the city of Tewkesbury, UK. In Van der Sande et al. [52] , the authors integrated remote sensing imagery information to calibrate LISFLOOD-FP model to produce the Manning coefficient of the Meuse river during the 1995 flooding in Netherlands. Furthermore, Wood et al. [53] used medium resolution SAR data to calibrate LISFLOOD-FP hydraulic model and to obtain the River Severn channel depth and friction parameters during several floods in the UK. Hostache et al. [54] assimilated the satellite-derived flood extent maps into LISFLOOD-FP to reduce forecast uncertainties.
As usual for hydraulic models, LISFLOOD-FP requires topographic, bathymetric, and hydrometric data, namely, floodplain DEM, channel bathymetry and boundary conditions. In this study, the upstream streamflow and downstream water level hydrographs are defined as boundary conditions. These two hydrographs are both derived from the "Richelieu aux rapides Fryers" gauging station dataset as the flood wave travel time is very short between the upstream and the downstream boundaries of the model. The main calibration parameter of a 2D hydraulic model is the Manning friction coefficient. In fact, the model sensitivity to this parameter can be relatively limited [55] especially for 2D models. However, in this study, the friction coefficients were not calibrated but rather taken from the study of Oubennaceur et al. [56] where a calibration was carried out over the same area of interest, but with another 2D hydraulic model. The availability of very high-resolution topographic and bathymetric data (see Section 2.2.2) enabled us to set up the flood model of Richelieu River at 6 m spatial resolution. We use this model to simulate daily flood maps during 6 months (March to August 2011). Figure 8 shows the simulated water depth maps at different dates from March 2011 to May 2011. To validate the model results, we compare the simulated flood map with a flood extent map observed on 8 May 2011 that was manually delineated from a GeoEye-1 image (Figure 2 ). Both the Overall Accuracy (OC) coefficient and the CSI were calculated to validate the model results. The CSI measure is chosen for the flood model evaluation because its calculation does not include the "correct rejections" ("correct no water") values. This means that it focuses only on the evaluation of the prediction performances of the water areas [53] . Table 4 reports the performance values computed for the LISFLOOD-FP model of the Richelieu River flooding. The high values in Table 4 indicate a really good performance of the set-up model in terms of simulated flood extent and lends more weight to the use of simulated flood extent maps as a reference for evaluating the remote sensing-derived flood maps. Figure 9 shows the Google Earth projection of the flood extent on 14 May 2011 (date of the flood SAR acquisition) derived from the water levels as simulated by the LISFLOOD-FP hydraulic model. This map is used as a reference for the SAR/InSAR-derived flood maps evaluation. Figure 9 . Google Earth projection of the flood extent (derived from the water depth simulated by the LISFLOOD-FP model) on 14 May 2011 that is considered to be "ground truth": the flood extent that corresponds to the time of SAR data acquisition (at the top right corner).
Results
As mentioned in Section 4, the Random Forest classifier uses as input the geocoded set of multi-temporal intensity and Bist. TDX/TSX InSAR Coh. data. To determine the best training parameters, Table 5 presents the RF classification result evaluation based on the simulated flood extent map (see Section 5) using different numbers of training samples and decision trees. For each training set-up, the Overall Accuracy and Precision performance measures were calculated. It is worth noting that the Precision index was chosen for the classification evaluation in this study since it can specifically show the reliability of the flooded class. In the context of classification accuracy assessment for remotely sensed data, the Precision metric is considered to be the User's accuracy [57] and represents the fraction of properly classified flooded pixels with regard to all pixels that were identified as flooded in the image. The results of the Random Forest classification using the training samples from the 10 selected ROIs are considered as a map that contains a set of flooded classes for different landcover groups. The final purpose of the classification is to distinguish flooded and non-flooded areas. Thus, we carry out the evaluation of the classification based on the flood extent map simulated by the LISFLOOD-FP hydraulic model at the acquisition time of the satellite data during the flood (14 May 2011). It is, therefore, necessary to group the 10 classes of the classification into two different semantic groups: flooded and non-flooded (the flooded class also contains permanent water from the river). To do this, all the pixels that are classified as flooded (River, Flooded agriculture, Flooded residential zone and Flooded vegetation), and non-flooded (Dry agriculture, Dry urban, Dry vegetation, Dry roads, Dry grass and Buildings roofs) ROIs, are merged in two separate classes. All the classification tests presented in Table 5 show a significant improvement of the Overall Accuracy and Precision measures when using the combination of multi-temporal Intensity and Bist. TDX/TSX InSAR Coh. data. Furthermore, we notice that when the numbers of training samples and decision trees increase, the classification accuracy is improved. Besides, the saturation is reached for 20,000 training samples and 300 decision trees (highlighted in bold characters in Table 5 ), which have been selected as the best training parameters to produce the final SAR/InSAR-derived flood map. The first 10,000 samples were used for the training step and the remaining 10,000 samples were used as test samples. The training process is performed based on the decision-tree concept and training samples are trained using the "feature bagging" method where the algorithm selects a random subset of the features. In the classification stage, the trained classifier is used to classify the pixels with known feature values but unknown class by taking the majority vote. After processing the RF classification, two contingency maps ( Figure 10 ) are created by overlaying the LISFLOOD-FP model-derived flood extent, serving as a reference, and the SAR/InSAR-derived flood maps that were generated by the RF classification scheme. Figure 10 represents the contingency maps that show the agreement between hydraulic model-derived flood extent and RF classified maps using, respectively, only the multi-temporal TDX/TSX intensity (Figure 10a ) and the multi-temporal TDX/TSX intensity with the Bist. TDX/TSX InSAR Coh. data (Figure10b). 
Discussion
Based on the contingency maps of Figure 10 , it can be noticed that the use of Bist. TDX/TSX InSAR Coh. data substantially improves the flood extent map especially when considering the urban, agriculture and vegetation areas. The yellow rectangles in Figure 10b show some flooded regions of vegetation that were detected by the integration of Bist. TDX/TSX InSAR Coh. data. Although fully polarimetric data are generally recommended to detect flooded vegetation [58, 59] , the present study identifies the inundated vegetation using the InSAR coherence information of the single polarization (HH) of the bistatic TanDEM-X/TerraSAR-X data. Indeed, the sufficient penetration through the vegetation canopy is among the main factors that increase the double-bounce backscattering effect in case of flooded vegetation. Usually, high wavelength (C-band) and reasonably small incidence angles are preferred to detect the increase of double bounce due to the existence of floodwater beneath vegetation. However, in this study, the presence of relatively sparse canopy of trees and the use of horizontal polarization (HH) guaranteed a deeper penetration to detect the increase of the double-bounce intensity of flooded vegetation.
As a consequence, it can be noticed that the integration of Bist. TDX/TSX InSAR Coh. information allows a significant reduction of under-detection errors, especially in the vegetated areas. When comparing the false alarm rates of Figure 10a ,b, we can observe that the over-detection errors are substantially reduced by the integration of Bist. TDX/TSX InSAR Coh. information especially in the dry agriculture regions. However, some of the classification errors remain; as for example the highway "Route 133" (vertical line in Figure 10b ) that is erroneously identified as flooded because of the smooth surface of asphalted road which gives low backscatter and can be easily confused with floodwater. Another example is the dense urban settlements in the northern part of the study area where some of the dry pixels are classified as flooded. This highlights that flood mapping in a dense urban environment remains a challenging task because of many factors such as the mutual shadowing and the higher order bounces [19] , especially when using the Bist. TDX/TSX InSAR Coh. data that does not provide the change detection information since the temporal baseline between the two acquisitions is a few milliseconds.
Noticeably, the present study gives a relatively straightforward and promising flood mapping approach that takes advantage of the bistatic interferometry of short wavelength (3 cm) X-band data. Among the recent research studies that dealt with inundation mapping for the same flooding event (Richelieu River in 2011) using SAR imagery, the study of Tanguy et al. [32] can be mentioned. The authors used the RADARSART-2 C-band data with a longer wavelength (5.5 cm) and included information on the flood hazard at each point of the study area to reduce errors in the derived flood extent map. The hazard map is created based on river water heights, topographic elevation data and publicly available return period shorelines in the study area. Tanguy et al. [32] proposed a flood mapping method based on the detection of the maximum extent of the flood by object-based classification of the SAR image. Next a thresholding on the hazard map is applied to remove the non-water pixels erroneously included in the flooded classes. The integration of ancillary information reduces the over-detection rate in urban areas. Figure 8 in Tanguy et al. [32] shows the "open water" objects map derived from the RADARSAT-2 image. In this map, one can observe that the flooded agriculture and vegetation regions are under-detected. This highlights the difficulty to classify flooded areas in urban and vegetated regions. Overall, the study by Tanguy et al. [32] shows that integrating ancillary information related to flood hazard allows the improvement of the identification of these flooded regions ( Figure 10 in Tanguy et al. [32] ). In the current study, we show that the use of Bist. TDX/TSX InSAR Coh. data allows, in a similar way, a considerable reduction of both under and over-detection in vegetation, agriculture and urban areas. In particular, flooded vegetation (yellow rectangles in Figure 10b ) are better classified when integrating the Bist. TDX/TSX InSAR Coh. data.
Conclusions
In this study, the flood mapping capacity of bistatic TanDEM-X/TerraSAR-X (X-band) data was investigated in the presence of different landcover types. The main objective was to highlight the valuable information offered by the bistatic TDX/TSX InSAR coherence for accurate flood mapping in areas where solo SAR intensity data has limitations. We used the Random Forest supervised classification approach on the stack of multi-temporal SAR and InSAR bistatic TanDEM-X/TerraSAR-X data to map flooded and non-flooded areas. As no "ground truth" was available at the SAR data acquisition time, we set up a LISFLOOD-FP hydraulic model at a 6 m resolution for Richelieu River and simulated daily flood extent maps between April 2011 and June 2011. Then, we used the simulated flood extent map as a reference for evaluating the flood maps derived from the SAR/InSAR images. For reliability reasons, the hydraulic model was previously evaluated using a reference flood map derived from an optical satellite image that was acquired a few days before the SAR image acquisition. This evaluation showed the high accuracy of the hydraulic model results (CSI = 94.01%). Furthermore, the important role of the X-band bistatic InSAR coherence for flood mapping was assessed. The classification Overall Accuracy and Precision were 69.63% and 64.52%, respectively, when using only the TDX/TSX SAR intensity, while they increase to values 78.65% for the Overall Accuracy and 82.08% for the Precision when the Bist. TDX/TSX InSAR Coh. maps were added together with the intensity images as input data. The exploitation of Bist. TDX/TSX InSAR Coh. has been particularly beneficial to reduce the under-detection in vegetated areas and at the same time to reduce the over-detection in urban areas.
In this study, we demonstrated the capacity of bistatic (X-band) short wavelength InSAR coherence to improve flood mapping in a complex environment that contains vegetation and urban areas. This finding can be of extreme interest in the fields of hydrology because in vegetated areas the presence of flood water is usually under-detected using SAR-based algorithms, especially when shorter wavelength sensors are available. In particular, higher accuracy flood extent maps in urban and vegetated areas are of high value for flood prediction models as these flood maps can be used to better calibrate and evaluate models and further improve model forecasts via data assimilation. 
